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A fundamental issue of
peroxisome biogenesis has finally
been resolved. A new paper by
Hoepfner et al. [1]. reports
compelling evidence for a
maturation pathway of
peroxisomes starting from the
endoplasmic reticulum (ER).
Peroxisomes are dynamic
organelles present in virtually all
eukaryotic cells [2,3]. Their size,
number and protein content are
adjusted to meet the cell’s
metabolic needs. Since
peroxisomes were discovered,
their origin has been
controversial. The prevailing view
has changed several times
between two alternative
pathways, mostly reflecting
results obtained with new systems
or techniques. On the basis of the
primitive character of the
metabolic functions of
peroxisomes known at that time,
deDuve [4] discussed the
possibility that they are
autonomous organelles evolved
from an endosymbiont, in a similar
manner to mitochondria and
chloroplasts. Almost at the same
time, Novikoff and Shin [5]
rigorously defended the idea that
peroxisomes bud off the
endoplasmic reticulum, primarily
on the strength of apparent
morphological connections
between the two structures. In
1985, Lazarow and Fujiki [6] again
proposed that peroxisomes are
autonomous organelles which
proliferate by ‘growth and
division’ of pre-existing ones.
The key observations
underlying this last idea were
that peroxisomal matrix and
membrane proteins are
synthesized on free ribosomes
and are post-translationally
sorted to their destination. These
features classified them together
with mitochondria and
chloroplasts. This ‘growth and
division’ model became the
prevailing view of the
peroxisome field for many years,
especially as some of its
predictions were experimentally
verified. Genetic studies in fungal
and mammalian cells led to the
discovery of a still growing
number of proteins essential for
peroxisome biogenesis
(peroxins) [2,3]. Among these are
two peroxisomal import
receptors, which each
specifically recognize one out of
two targeting signals on
peroxisomal matrix proteins.
Moreover, these studies led to
the discovery of a number of
peroxisomal membrane proteins
(PMPs) among the peroxins,
which were suspected to be
components of the translocation
machinery for matrix proteins.
The peroxisomal membrane
proteins use post-translational
sorting mechanisms that are
independent of the machinery by
which the matrix proteins reach
their destination [2,3]. In most
mutants defective in the import of
matrix proteins, membrane
proteins can be found correctly
inserted into peroxisomal ghosts.
Exceptions are three mutants:
pex3∆, pex16∆ and pex19∆. Cells
of these mutants completely lack
peroxisomal membrane structures
and mislocalize their PMPs to the
cytosol where they are rapidly
degraded [2,3]. Nevertheless,
such mutants regain peroxisomes
readily upon transformation with
the corresponding wild-type gene.
These properties indicated that
these three peroxins, Pex3p,
Pex16p and Pex19p, are
important for early steps in the
formation of peroxisomal
membranes.
The surprising ability of
peroxisomes to regenerate,
together with a steadily growing
body of other suggestive
observations, led some groups to
challenge the ‘growth and
division’ model and to seriously
consider the ER as origin of the
peroxisomal membrane [7,8]. Two
representative examples are the
observations in Hansenula
polymorpha that the first 16 amino
acids of Pex3p sort heterologous
proteins to the ER [9], and that
upon synthesis of the initial 50
amino acids of Pex3p in pex3
deletion cells various vesicles
were formed that arose from the
nuclear membrane [10]. These
vesicles showed peroxisomal
characteristics and upon
subsequent synthesis of wild-type
Pex3p a portion of them
developed into normal
peroxisomes. For a number of
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reasons, however, all these
indirect results allowed alternative
interpretations (reviewed in [2,11]).
This situation re-fueled the
discussion about the origin of
peroxisomes.
A new stage is now reached
with the paper of Hoepfner et al.
[1]. These authors report
convincing evidence that the ER
contributes to the formation of
peroxisomes. Triggered by
previous findings in mouse
dendritic cells [12], they followed
the intracellular transport route of
newly made YFP-tagged Pex3p
and Pex19p by real-time
fluorescence microscopy and
biochemical techniques in pex3∆,
pex19∆ and wild-type cells of
Saccharomyces cerevisiae. In all
these cells Pex3p could first be
observed in the ER, where it
concentrates in foci that then bud
off in a Pex19p-dependent
manner and mature into fully
functional peroxisomes. Pex19p is
enriched first at the Pex3p foci on
the ER and then on the maturing
peroxisomes. Without Pex19p,
Pex3p is trapped in the ER and no
vesicles are formed; and without
Pex3p present, Pex19p fails to
localize to the ER membrane, and
again, no peroxisomal
precompartment is formed. The
authors conclude that ER-
localized Pex3p recruits Pex19p
and marks the site for insertion of
additional PMPs, resulting in the
capacity to import matrix proteins
which, in turn, allows the
development of functionally
competent peroxisomes to take
place (Figure 1).
This conclusion is in line with
previous data from different
groups showing that the two
early peroxins Pex3p and Pex19p
physically interact and both are
essential for the recognition and
insertion of newly synthesized
proteins into the peroxisomal
membrane [13,14]. New is the
subcellular localization at which
both peroxins start their function.
However, two other observations
about Pex3p and Pex19p are not
so easy to reconcile with the
presented data and lead to new
questions concerning the
functional relationship of these
two peroxins. Overexpression of
Pex3p rescued pex19∆ strains of
H. polymorpha [14] and in
Yarrowia lipolytica peroxisomes
pex19∆ cell structures were
detected that strongly resembled
wild-type peroxisomes but
displayed a major defect in
matrix protein import and
reduced levels of membrane
proteins [15].
The proposed multi-step
maturation pathway was already
part of recent models of
peroxisome biogenesis but there
were either no compelling data
for the ER connection [7] or the
origin was vaguely called
preperoxisome/protoperoxisome
[2,16]. Although mechanistic
details of the pathway and even
morphological details about the
proposed intermediate steps
between the ER and
peroxisomes are still lacking, the
presented model might have far-
reaching implications. The field
of peroxisome biogenesis
generally accepted the idea that
the organelle replicated by
fission of pre-existing
peroxisomes, including the
involvement of Pex11p [17] and
Vps1p [18]. The results of
Hoepfner et al. [1] indicate that
peroxisomes recruit their lipids
from the ER. If there is no other
way for these organelles to
obtain these constituents of their
membranes then solely a
continuous fission of pre-existing
organelles as proposed in the
“growth and division” model
would be impossible because of
lack of membranes. Furthermore,
if the observation in H.
polymorpha that mature
peroxisomes are not import
competent anymore [19] can be
generalized then both aspects of
the “growth and division” model
would not apply anymore to fully
functional peroxisomes. The
detection of the ER-dependent
maturation pathway in wild-type
cells strongly argues that it is not
solely a revival pathway.
As long ago as 1986, when
peroxisomal research at the
molecular level was still in its
infancy, Piet Borst [20] stated that
in the long run a definite answer
to the question of peroxisomal
origin will come from fungi.
Hoepfner et al. [1] have shown
that Borst was correct.
References
1. Hoepfner, D., Schildknegt, D., Braakman,
I., Philippsen, P., and Tabak, H.F. (2005).
Contribution of the endoplasmic
reticulum to peroxisome formation. Cell
122, 85–95.
2. Purdue, P.E., and Lazarow, P.B. (2001).
Peroxisome biogenesis. Annu. Rev. Cell
Dev. Biol. 17, 701–752.
3. Eckert, J.H., and Erdmann, R. (2003).
Peroxisome biogenesis. Rev. Physiol.
Biochem. Pharmacol. 147, 75–121.
4. DeDuve, C. (1996). The birth of complex
cells. Sci. Am. 274, 50–57.
5. Novikoff, A.B., and Shin, W.Y. (1964). The
Dispatch    
R775
Figure 1. The ER-dependent maturation
pathway.
This process requires the insertion of
Pex3p into the ER that then recruits
Pex19p in order to produce membrane
structures which have the capacity to
import other peroxisomal membrane
proteins (PMPs). This sequence of
events leads to preperoxisomes that by
importing matrix proteins mature to func-
tionally competent organelles.
Pex11p
Vps1p ?
Matrix
proteins
Mature
peroxisomes
PMPs
3
3
3
19
19
19
ER
3
19
3
19
Current Biology
endoplasmic reticulum in the Golgi zone
and its relations to microbodies, Golgi
apparatus, and autophagic vacuoles in
rat liver cells. J. Microsc. (Paris) 3,
187–206.
6. Lazarow, P.B., and Fujiki, Y. (1985).
Biogenesis of peroxisomes. Annu. Rev.
Cell Biol. Annu. Rev. Cell Biol. 1, 489-
530.
7. Titorenko, V.I., and Rachubinski, R.A.
(1998). The endoplasmic reticulum plays
an essential role in peroxisome
biogenesis. Trends Biochem. Sci. 23,
231–233.
8. Mullen, R.T., Flynn, C.R., and Trelease,
R.N. (2001). How are peroxisomes
formed? The role of the endoplasmic
reticulum and peroxins. Trends Plant Sci.
6, 256–262.
9. Baerends, R.J.S., Rasmussen, S.W.,
Hilbrands, R.E., van der Heide, M.,
Faber, K.N., Reuvekamp, P.T.W., Kiel,
J.A.K.W., Cregg, J.M., van der Klei, I.J.,
and Veenhuis, M. (1996). The Hansenula
polymorpha PER9 gene encodes a
peroxisomal membrane protein essential
for peroxisome assembly and integrity.
J. Biol. Chem. 271, 8887–8894.
10. Faber, K.N., Haan, G.J., Baerends, R.J.,
Kram, A.M., and Veenhuis, M. (2002).
Normal peroxisome development from
vesicles induced by truncated Hansenula
polymorpha Pex3p. J. Biol. Chem. 277,
11026–11033.
11. Lazarow, P.B. (2003). Peroxisome
biogenesis: advances and conundrums.
Curr. Opin. Cell Biol. 15, 489–497.
12. Geuze, H.J., Murk, J.L., Stroobants, A.K.,
Griffith, J.M., Kleijmeer, M.J., Koster,
A.J., Verkleij, A.J., Distel, B., and Tabak,
H.F. (2003). Involvement of the
endoplasmic reticulum in peroxisome
formation. Mol. Biol. Cell 14, 2900–2907.
13. Schliebs, W., and Kunau, W.H. (2004).
Peroxisome membrane biogenesis: the
stage is set. Curr. Biol. 14, R397–R399.
14. Otzen, M., Perband, U., Wang, D.,
Baerends, R.J., Kunau, W.H., Veenhuis,
M., and Van Der Klei, I.J. (2004).
Hansenula polymorpha Pex19p is
essential for the formation of functional
peroxisomal membranes. J. Biol. Chem.
279, 19181–19190.
15. Lambkin, G.R., and Rachubinski, R.A.
(2001). Yarrowia lipolytica cells mutant
for the peroxisomal peroxin Pex19p
contain structures resembling wild-type
peroxisomes. Mol. Biol. Cell 12,
3353–3364.
16. Sacksteder, K.A., and Gould, S.J. (2000).
The genetics of peroxisome biogenesis.
Annu. Rev. Genet. 34, 623–652.
17. South, S.T., and Gould, S.J. (1999).
Peroxisome synthesis in the absence of
preexisting peroxisomes. J. Cell Biol.
144, 255–266.
18. Hoepfner, D., van den Berg, M.,
Philippsen, P., Tabak, H.F., and Hettema,
E.H. (2001). A role for Vps1p, actin, and
the Myo2p motor in peroxisome
abundance and inheritance in
Saccharomyces cerevisiae. J. Cell Biol.
155, 979–990.
19. Van Der Klei, I., and Veenhuis, M. (1996).
Peroxisome biogenesis in the yeast
Hansenula polymorpha: A structural and
functional analysis. Ann. N Y Acad. Sci.
804, 47–59.
20. Borst, P. (1986). How proteins get into
microbodies (peroxisomes,
glyoxysomes, glycosomes). Biochim.
Biophys. Acta 866, 179–203.
Institut für Physiologische Chemie, Abt.
Systembiochemie, Ruhr-Universität
Bochum, D-44780 Bochum, Germany
E-mail: wolf-h.kunau@rub.de
DOI: 10.1016/j.cub.2005.08.056
Current Biology Vol 15 No 18
R776
